Abstract-The natural variability on a spatial and temporal scale was examined in the zooplankton community of mesocosms from Syngenta Crop Protection AG (Stein, Switzerland), with the focus on improving the experimental design and evaluation of mesocosm studies. Analysis was performed using zooplankton data collected during a three-year period in 3 (1996 and 1998) to 12 (1997) ponds. Interreplicate variability was measured as the variance among the 3 to 12 replicates at each sampling date. Temporal variation was examined as seasonal variability by comparing different sampling dates within a year and as year-to-year variation by comparing pooled data year by year. Univariate and multivariate methods were used for the evaluation of population and community data, respectively. Results from the present study indicate that because of the low interreplicate variability, only data from high-abundance species could be evaluated with a precision able to detect effects less than 20%. For the majority of the zooplankton populations, abundances were lower than 10 organisms/L, with frequent zero counts resulting in a weak evaluation of the data with a precision able to detect effects of greater than 20 and 110%. Ordination analysis of the community data from the three years revealed that approximately 29% of the total variance could be explained by year-to-year differences, whereas 11% could be attributed to seasonal variability within a year. The residual variance can be attributed to interreplicate variability and sampling error. These results were in line with findings for individual populations. The present analysis demonstrated that the inherent variability of a system should be investigated for a proper design and evaluation of mesocosm studies and promotes the use of multivariate tools for a more comprehensive interpretation of mesocosm data.
INTRODUCTION
Aquatic mesocosm test systems can be used to study the impact of contaminants for the purpose of obtaining information at a higher tier for ecological risk assessment. They are powerful and commonly accepted tools for predicting the impacts of toxicants by using a replicated experimental design during exposure to populations and a whole community, and they may represent a realistic worst-case scenario for exposure and recovery potential [1] [2] [3] . By using a replicated design, contaminant-related effects can be determined when data obtained from treated mesocosms are compared to reference mesocosms. The power to detect effects depends on the inherent variability of a system (i.e., the variability between replicates). However, for the evaluation of observed effects, the temporal variability also should be taken into account, especially if the potential for recovery of populations is analyzed. Therefore, the quantification of the degree of variability of the community and individual populations aims to interpret mesocosm data in a more accurate way.
For the evaluation of the large number of data obtained from a mesocosm study, a variety of multivariate techniques are available for ecotoxicologists and established as common tools [4] . Among them are ordination techniques and, especially, the principal response curve [5] , the most important approaches for analyzing treatment-related effects on the community level. To gain further information regarding population level, dose-response analysis or analysis of variance can be performed to calculate the median effective concentration and no-observed-effective concentration, respectively [3, 6] .
The spatial heterogeneity of zooplankton varies significantly with population density [7] . The precision level in univariate analyses depends on the number of replicates used for statistical evaluation and on the encountered interreplicate variability. In real life, the number of mesocosms and, thus, of replicates is, however, limited, and a pragmatic approach is needed to deal with this limitation.
Population and community changes typically are reported for the time period of the experiment [8] [9] [10] [11] , but long-term studies of temporal changes in the community structure reporting data from several mesocosm studies, which assess the succession process and variability in mesocosm studies, rarely are found in literature [12] . However, these data are considered to provide, at least potentially, the framework for a comprehensive interpretation of mesocosm data [13] .
The purpose of the present study was to quantify the degree of interreplicate and temporal variability of zooplankton communities in mesocosms, with a focus on improving the experimental design and evaluation of mesocosm studies.
MATERIALS AND METHODS

Study site
The mesocosm test site of Syngenta Crop Protection AG was located in CH-8260 Stein, Switzerland (Fig. 1) . Twentyeight tanks made of high-density polyethylene were built during the autumn of 1995. In the spring of 1996, the mesocosms were filled with water and sediment taken from the former mesocosm study site of Syngenta Crop Protection, which was established in 1989, ensuring the transfer of a diverse aquatic community into the new test system. During the circulation phase, water for each pond was delivered directly from a manmade supply pond (volume, ϳ500 m 3 ; depth, 4 m) located on the site. The supply pond was not receiving any contaminant during the years. If evaporation was high during the summer, springwater was added to the supply pond. The tanks were buried in the ground to minimize rapid temperature fluctuations. The surface of the basin had a diameter of 3 m and a soil-sediment layer and water column of approximately 15 and 130 cm, respectively. Each mesocosm had a volume of approximately 10 m 3 .
Circulation was accomplished by pumping water into each mesocosm from the nearby supply pond (Fig. 1 ). Water from each mesocosm then drained into an overflow pipe and was fed back to the supply pond, where water from all mesocosms was mixed and pumped back to the ponds (Fig. 1 ). Each year after the winter season, circulation was started in February, performed for approximately three months, and then stopped at a certain point in time. Mesocosms were then regarded as isolated systems. All mesocosm units were exposed to the same meteorological conditions that were recorded with an on-site weather station (temperature, rainfall, wind speed and direction, and humidity).
Zooplankton, phytoplankton, macroinvertebrates, and other organisms were introduced into the mesocosms along with the water and sediment from the supply pond ( Fig. 1 ) and via aerial colonization during the year. Macrophyte populations developed from plants in the sediment. Myriophyllum verticullatum (Haloragaceae), Potamogeton crispus (Potamogetonaceae), and Elodea canadensis (Hydrocharitaceae) were planted in the year 1998 and, in addition, Chara gracilis (Characeae) in the years 1996 and 1997.
Sampling
Samples were taken at certain intervals from June to September of the three years. The number of control replicates was 3 in 1996 and 1998 and 12 in 1997. The samples were always taken at the same time of the day, and approximately 30 min were needed to sample the various replicates.
In 1996, for the collection of zooplankton, an Apstein plankton net (diameter, 25 cm; mesh size, 52 m) was used. Depth-integrated samples from the whole water column (ϳ1 m) were taken, corresponding to approximately 50 L in 1997 and 1998. Zooplankton samples consisted of mixed, depthintegrated samples. Plankton was collected at different locations in the mesocosm using a polyethylene tube (length, 150 cm; diameter, 5 cm). The tube was lowered to the sediment surface, then lifted several centimeters above the sediment surface to avoid sample contamination with sediment and closed with a plastic plug to collect a sample of the entire water column. Of the total volume gained by this procedure, 10 and 38 L in 1997 and 1998, respectively, were then filtered over an Apstein plankton net (mesh size, 52 m). In the present study, we refer to the organisms sampled in the water column as zooplankton for all sampled species, including macroinvertebrate taxa.
All samples were preserved with an ethylene glycol (20% w/w; 1996 and 1998) or a formalin/saccharose (1997) solution. Samples preserved with formalin/saccharose can be stored for a longer period of time. If the determination of the zooplankton was performed shortly after sampling, the use of the carcinogenic formalin was avoided.
A counting chamber with an area of 109.4 cm 2 was used for the determination of the zooplankton taxa. The whole sample was filled into the chamber. Depending on population density of the samples, either subsamples, if the density was greater than 100 organisms cm Ϫ2 , or the entire sample were examined microscopically, and the number of organisms per liter for each taxon was determined. Taxonomic identification was performed as described previously [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
Statistical evaluation
The raw data available from the three years were the number of organisms per liter for each taxon, with n ϭ 3, 12, and 3 ponds in 1996, 1997, and 1998, respectively. Data from six similar sampling dates related to the isolation of the ponds, which always took place in early June, were used. In the following discussion, the samples will be indicated by Ϫ1 for sampling two to three weeks before isolation of the mesocosms, 0 for the day of isolation, one for 3 to 4 d after isolation, two for two weeks, three for four weeks, and four for 11 to 13 weeks after isolation.
To describe interreplicate variability, the geometric mean, variance (s 2 ), standard error (SE), and coefficient of variation were calculated. Annual geometric mean and coefficient of variation also were used to describe year-to-year differences.
The variance to mean relationship was calculated based on the method described by Downing et al. [7] and by Downing [24] , where the standard deviation (s 2 ) of replicate abundance samples is related to the mean abundance (MEAN) by the following equation: where ␣ and ␤ are parameters that depend on the sampling method and the community, respectively. The parameters were estimated by calculating the mean and standard deviation for each of the taxa in the community and then applying a linear regression with log(s 2 ) as the response and log(MEAN) as the factor. It should be noted that Equation 1 could be written as a linear-regression equation:
If n replicates are available, the SE of the mean abundance is given by SE ϭ s/͙n. Using Downing relationship 1, the SE also can be expressed as a function of the mean abundance:
Variance component analysis was performed to determine the percentage variation explained by year, season, and replicate for each population.
In addition to the analysis of variance on the population level, ordination techniques were used to visualize differences in community structure between replicates at different sampling dates and in the different years. Because absolute abundance data were used and a detrended correspondence analysis applied to the whole data set revealed a short length of gradient (Ͻ3 standard deviations), ordination techniques based on linear models were used [25, 26] . The development of interreplicate variance between the three study years was visualized by separate principal component analyses (PCAs), whereas the differences between the years were analyzed by a PCA applied to the whole data set. A partial redundancy analysis with the study year as environmental factor and sampling dates as covariables was used to differentiate between year to year, seasonal, and residual variance in the community structure.
For all ordinations, abundance data (organisms/L) were logtransformed (yЈ ϭ ln(y ϩ 1)). The program CANOCO 4.5 was used for the calculations [27] .
RESULTS AND DISCUSSION
Dominance of taxa
A broad range of zooplankton taxa (n ϭ 60) was identified during the years 1996 to 1998 (Table 1) . Dominant zooplankton species that occurred with annual geometric mean abundances of greater than 10 organisms/L were Keratella quadrata, the Cyclopoidae, and Daphnia longispina, representing approximately 5% of the total number of taxa identified; however, their share in terms of total zooplankton density was approximately 95% (Table 1 and Fig. 2) . Less abundant taxa (1-10 organisms/L) were Lecane sp., Polyarthra vulgaris, Meso-/Megacyclops, and Simocephalus vetulus, corresponding to approximately 10% of the total number of taxa identified. The majority of taxa (52 taxa corresponding to ϳ85% of the community) were found at low abundances (Ͻ1 organism/L) ( Table 1) . Thereof, many taxa from the cumulative list created for the years 1996, 1997, and 1998 were not at all present in one or the other year (zero counts) ( Table 1) .
Interreplicate variability of individual populations
The geometric means of the various population densities ranged from 0 to 620 organisms/L, and the variance ranged from 0 to 10 6 . After log-transformation, the variance was well correlated with the density of organisms in the samples (Fig.  3) . In the present analysis, coefficients of variation for the dominant zooplankton populations usually were found between 35 and 75% and rarely exceeding 100%, whereas co- efficients of variation for less abundant taxa in most cases exceeded 100%. Interreplicate variability for the dominant population was lowest during the circulation phase. A moderate increase of interreplicate variability for some taxa was shown after the isolation of the tanks. Coefficients of variation of the dominant Keratella quadrata and the Cyclopoida increased by 40 and 20%, respectively, during the first three weeks and by 100 and 60%, respectively, after three months of isolation, respectively, whereas no enhanced variability was observed for Daphnia longispina. The results of the present study are in line with the findings of Downing et al. [7] , who stated that interreplicate variance usually rises as a power function of the mean and that the b index of the mean to variance relationship is an expression for spatial variability. In the present study, values for the b index ranged between 1.5 and 2.5 for the zooplankton populations investigated during the years 1996 to 1998 (Fig. 3) . Compared to other mesocosms [28, 29] and to natural aquatic ecosystems [7, 24, [30] [31] [32] [33] , interreplicate variability of the zooplankton populations in the present study, measured as coefficient of variation and b index of spatial variability, correspond well to published observations [34] .
Interreplicate variability of community structure
The ordination plots of the principal response curves for the three years are shown in Figure 4 . Same sampling dates are indicated by the same symbol, and the size of the polygons covering the replicates per sampling date can be considered as a measure of the variability between the replicates. In general, the ordination diagrams demonstrate that the interreplicate variability usually was much smaller than the temporal variability. As expected, relatively low variability was found for the sampling dates just before separating the ponds, which is shown in the data set for 1997 and 1998 (Fig. 4b and c) . It also might be expected that interreplicate variability would increase over time as shown for some dominant populations. This was the case for the community development in 1998; during that year, variability in community structure between replicates generally was small. However, the diagrams do not confirm this hypothesis for the years 1996 and 1997. Large variability (indicated by large polygons) also was observed at Environ. Toxicol. Chem. 24, 2005 K. Knauer et al. sampling dates close to the dates of separating the ponds. High variability also was determined at the end of the studies in the years 1996 and 1997. One reason might be that at the end of the studies, the population densities often are lower than in spring or summer.
Temporal variability of individual populations
The percentage variation explained by year, season, and replicate for the various populations occurring in two or more years are presented in Table 2 . The results indicate that for low-abundance species, again, interreplicate variance dominated total variance, whereas for dominant populations, seasonal (for, e.g., Keratella quadrata and Cyclopoida) and annual (for, e.g., Daphnia longispina) variation had to be taken into account (Fig. 2) .
Temporal variability of community structure
A PCA diagram of the data from all three years indicates that the variability in community structure from year to year is much higher than the variability within one year (Fig. 5) . Except for a few samples, the three years form distinct clusters. The total variance was split into its components by a partial redundancy analysis. Using the sampling dates as covariables could explain 11% of the total variance, whereas using the study year explained 29%. The remaining 60% of the variance can be attributed to variability between replicates and sampling errors. These findings are comparable to results obtained on population level (Table 2) .
A biplot of the environment factors and species scores allows identifying the taxa, which are most responsible for the difference between the three years (Fig. 6 ). For example, in 1997, Daphnia longispina was a dominant species, whereas in 1996, two other cladocerans, Bosmina and Ceriodaphnia sp., were most abundant (Figs. 2 and 6 ). The year 1998 was characterized by higher abundances of the rotifer Lecane sp. and ostracods. Table 3 summarizes the number of taxa not occurring in a specific year but still occurring in the cumulative list (Table  1 , zero counts). In 1996 and 1997, approximately 40% of the taxa from the cumulative list resulted in zero counts (Table  3) , amounting to 50% of the total community in 1998. A comparison of the number of zero counts in 1996 and in 1998, when different sampling volumes were sampled in three replicates, demonstrated that the higher volume taken in 1996 (ϳ50 L) resulted in 10% fewer zero counts than in 1998 (ϳ32 L) (Table 3) . A comparison of the years 1996 and 1997 with the same portions of zero counts indicates that an increase in sampling volume can compensate for a decrease in replicates. In line with this observation, a comparison of the years 1996 and 1998 with the same number of replicates demonstrated that increasing the total sampling volume can reduce the number of zero counts for less abundant species. However, limitations are given by the potentially destructive nature of the zooplankton sampling techniques [35] .
Zero counts
Inherent variability of a system
The evaluation of all zooplankton data obtained over the three-year study period provided information concerning the inherent variability of a system and can be used to optimize the experimental design and the evaluation criteria for mesocosm data. As shown in Figure 7 , the abundance and the number of replicates did determine the relative SE of the mean value. Given the restrictions applied by the number of available test systems in a typical mesocosm study, the increase in replicate number to more than three probably is not realistic. Using three replicates, a relative SE for the zooplankton populations investigated in the present study of less than 50% can be expected for taxa with mean abundance of more than four organisms/L (i.e., only ϳ15% of the species detected in the present study) (Fig. 7 and Table 1 ). These observations are in line with statements in the Community-Level Aquatic System Studies-Interpretation Criteria [13] that based on historical data of mesocosms, only 10% of the species can be assessed using univariate statistics.
For dominant species, such as Keratella quadrata, a higher level of precision can be applied because of lower relative SE of approximately 30% when sampled in three replicates. Low abundances (1-10 organisms/L) were related to relative SEs ranging between 45 and 60% when sampled in three replicates (Fig. 7 ). An increase of replicates from 3 to 12 reduces the error by half. However, changing the experimental design by increasing the replicate number from 3 to 12 is not realistic for typical mesocosm studies. Therefore, it is recommended to adapt the required level of precision depending on the abundance of the population. These findings compare to those of O'Neil et al. [36] , who analyzed inherent variability of stream mesocosms to determine the amount of sampling replication required to detect treatment effects.
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Evaluation of risk in mesocosms
The main factor describing the variability for some of the abundant taxa was the long-term population dynamic-for example, Cyclopoida (annual differences) and Polyarthra vulgaris (year-to-year differences during comparable sampling periods) (Fig. 2) . Both seasonal variability and year-to-year variability are considered to have significant impacts on the interpretation of mesocosm studies in the context of risk assessment [13] . Effects of pesticides might be regarded as less significant if they are smaller than those caused by unexceptional natural stressors in habitats potentially at risk, as can be determined, for example, using historical data concerning variability of populations [13] .
The present study showed that natural temporal variability of populations can be significant. Zero counts dominated the year-to-year differences in community composition, whereas interreplicate variability limited the predicted level of precision for less abundant species on specific sampling occasions. Although the present findings confirm that low species abundance limits the use of univariate statistical tools, reference is made to available multivariate tools, which allow for communitylevel analysis, including effects on populations with low abundances, such as PCA and the principal response curves method [5, 25, 26, 37] .
CONCLUSION
Long-term variability and comparison with natural ecosystems play an important role when designing and interpreting mesocosm studies. Community composition of the untreated mesocosms analyzed here varied significantly over the years studied despite the fact that each year, the mesocosms were linked to the same supply pond. Thus, variability of zooplankton communities in different mesocosm studies is not necessarily a result of different experimental setups but also do reflect the temporal variability in the field. The present study supports the current knowledge that the evaluation of mesocosms studies with univariate tests is limited to a few dominant populations to gain dose-response information or no-effect concentrations on the population level. Interreplicate variability was determined by the large number of species occurring at densities of less than 10 organisms/L, as observed for all three years. It was shown that increasing the total sampling volume and the number of replicates reduced variability. Given the limitations for mesocosm study designs, we recommend adapting the required precision level for detection of potential effects on small populations to the feasible number of replicates. In calculations of effect concentrations for abundant species, an effect of 20% seemed to be a feasible threshold value, but for less abundant taxa, only effect thresholds of greater than 50% seemed to be reasonable. If the data are analyzed by analysis-of-variance approaches, it might be possible to use different significance levels for both abundant and less abundant species. In addition, multivariate statistical tools are necessary to demonstrate effects (or no effects) on the whole community, including the many rare species.
